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Summary
Objective: To determine regional differences in the orientation of collagen in the articular cartilage of the equine metacarpophalangeal joint as
well as describing cartilage orientation in lesions using small angle X-ray scattering (SAXS).
Design: SAXS diffraction patterns were taken at the European Synchrotron Radiation Facility (ESRF), with increasing depth into cartilage and
bone cross sections. Results for healthy samples were taken at different regions along the joint which receive different loads and differences in
collagen orientation were determined. Results were also taken from diseased samples and the collagen orientation changes from that of
healthy samples observed.
Results: Regions subject to low loads show a lower degree of orientation and regions exposed to the highest loads possess oriented collagen
ﬁbres especially in the radial layer. In early lesions the orientations of the collagen ﬁbres are disrupted. Subchondral bone ﬁbres are twisted in
regions where the joint receives shear forces. Changes in ﬁbre orientation are also observed in the calciﬁed cartilage even in regions where
the cartilage is intact. In more advanced lesions where there is loss of cartilage the ﬁbres in the calciﬁed layer are realigned tangential to the
surface.
Conclusions: Regional variations in collagen arrangement show that the highly ordered layers of the articular cartilage are the most important
elements in supporting high variable loads. In lesions changes occur in the deep tissue whilst the overlying cartilage appeared normal. We
therefore suggest that the interface region is a key element in the early stages of the disease.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Cartilage
Repair
SocietyIntroduction
The structural skeleton of articular cartilage consists of
a network of type II collagen ﬁbres, in which are entrapped
a variety of proteoglycans and other macromolecules. Type
II collagen is found only in cartilage. The collagen is ar-
ranged in a network that consists of ﬁne ﬁbrils maintained
in tension even under compressive loads by the osmotic,
or swelling pressure that is generated by proteoglycans
entrapped within the network. This allows the cartilage to
function as a load bearer and a shock absorber1. The ar-
rangement and orientation of the collagen ﬁbres in cartilage
has been well characterised previously using electron micro-
scopy2e7, differential interference contrast light microscopy8,
polarised light microscopy9, polarisation sensitive optical co-
herence tomography10 and small angle X-ray diffraction11,12.
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Received 13 July 2006; revision accepted 23 December 2006.68These studies have established that the normal organisation
of the collagen network is similar in a wide range of joints
and species. At the articular surface there is a narrow region
(approximately 50 mm thick) in which the collagen ﬁbres
are arranged parallel to the surface in the tangential layer.
Underneath this is a transitional layer (approximately
100e200 mm thick) where the ﬁbres are crossing over
each other up to the mid cartilage region where the ﬁbres
are arranged predominantly perpendicular to the articular
surface in the radial layer. The ﬁbres retain this orientation
through the zone of calciﬁed cartilage. This arrangement of
collagen ﬁbres is shown in the schematic diagram in Fig. 1.
The coarser, heavily mineralised ﬁbres of type I collagen in
the subchondral bone are superﬁcially parallel to the
interface.
Cartilage is heterogeneous in thickness over the joint sur-
face and these variations are believed to be correlated with
biomechanical function. For example, in the equine meta-
carpophalangeal joint, sketched in Fig. 2, the cartilage is
thin on the anterior and posterior surface which are loaded
only at large joint articulations13.
The highest loads are borne around the apex of the joint.
At the apex the different curvatures of the posterior and2
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at the articular surface. There is generally a depression in
the underlying bone on the posterior side giving rise to
a considerable local increase in the thickness of the carti-
lage. This region is a primary site for the development of le-
sions in the horse14, with the typical lesion resembling that
of human osteoarthritis. Osteoarthritis is a degenerative
condition involving loss of proteoglycans, and structural
changes in the collagen network associated with impaired
mechanical function. It is becoming increasingly recognised
that there are also changes in the subchondral bone. De-
spite the widespread and serious consequences of osteoar-
thritis, both in humans and horses, the aetiology of the
disease and the interplay of biomechanical and biochemical
stimuli and responses are still poorly understood.
The aims of the present work were to investigate the local
structure and organisation of the collagen network around
the apex of the joint, initially in normal tissue and then in
early lesions. For this purpose small angle X-ray scattering
(SAXS) was used. In X-ray diffraction, incident X-rays are
diffracted from crystallographic planes in a sample by the
process of Bragg reﬂection, described by the equation
2d sin q¼ nl where, d is the spacing of parallel atomic
planes, n is an integer, l is the X-ray wavelength and q is
the angle of incidence. SAXS is a particularly suitable tech-
nique for looking at larger (w107 m) scale structures, and
is especially appropriate for observing and investigating the
structural organisation of collagen ﬁbrils including their ori-
entation. Collagen ﬁbril orientation can then be used to de-
rive the collagen ﬁbre orientation. SAXS has been widely
used to determine collagen ﬁbre organisation in bone and
cartilage and with the availability of intense, highly colli-
mated synchrotron radiation sources it has become feasible
to use small angle scattering to investigate the larger-scale
Fig. 2. A schematic diagram showing the cross-section slice taken
from the equine metacarpophalangeal joint and the three different
regions that were investigated.
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Fig. 1. A schematic diagram showing the collagen arrangement in
cartilage showing the tangential, transitional and radial layers in ar-
ticular cartilage and the zone of calciﬁed cartilage.structures which are important to biomechanical function,
with micron-scale spatial resolution12,15e18. Previous work
by Muehleman et al.12 uses diffraction enhanced X-ray
imaging (DEI) to determine vertical structural orientation in
human hip and ankle articular cartilage. Our study shows
regional variations in this structure in the equine metacarpo-
phalangeal joint as well as variations in this structure with
the progression of disease. X-ray diffraction and DEI are
used by Mollenhauer et al.11,19 to look at collagen orienta-
tion in articular cartilage where it was observed that with os-
teoarthritic lesions, collagen ﬁbres of the deeper layers
tended to re-orientate. Our study veriﬁes these ﬁndings as
well as looks more closely at any orientation changes in
other regions of the articular cartilage.
Methods
SAMPLE PREPARATION
Samples were taken from the metacarpophalangeal joint
of the horse immediately after euthanasia. The joint was
opened and the cartilage with a short shaft of bone were
excised and either used immediately or ﬁxed in 4% formal
saline. Sagittal and coronal sections of cartilage and
subchondral bone, approximately 1.5 mm thick, were cut
perpendicular to the articular surface using a jeweller’s saw
and the specimens were washed in an ultrasonic bath to re-
move adherent fragments of bone. The samples were wrap-
ped in 4 mm thick mylar and saline was injected into the
sheath to keep the sample hydrated throughout the experi-
ments. A diffraction pattern was taken of the mylar sheath
so that the background scattering could be subtracted.
Samples were taken from the joints of ﬁve different horses
of varying ages ranging from healthy samples to samples
with severe lesions to show consistency in our results.
Figure 3 shows a histological section of a typical lesion.
This section was cut from the joint with a band saw and
then polished to a thickness of 200 mm using a diamond
wheel and imaged with polarised light microscopy. The re-
sults from all the diseased and all the healthy samples
showed similar characteristics when examined in detail.
The data in this publication, taken from two different horses
(one healthy and one diseased), have been chosen as rep-
resentative examples of our ﬁndings. The ﬁrst samples were
taken from ﬁve different locations along the proximal aspect
of the metacarpophalangeal joint of a 10-year-old horse.
When visually graded, the joint appeared to be healthy
with no visible lesions. The second samples were taken
Fig. 3. A 200 mm section of a typical lesion taken using polarised
light microscopy. The dotted line represents the lesioned area.
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cross sections were taken from the main osteoarthritic lesion
found on the apex of the joint. Samples were taken from
sites selected at different distances from the core of the
lesion providing a graduation in the degree of damage
such that the sample structural damage varied between 1
and 3 on the Mankin scale as described by Bobinac et al.20.
SAXS MEASUREMENTS
SAXS measurements were performed at station ID18F at
the European Synchrotron Radiation Facility (ESRF). A
monochromatic photon energy of 14.4 keV with dimensions
of 6 mm 2 mm (H V) at the sample was used with a sam-
ple to detector distance of 377 mm (3 sig. ﬁg.). The speci-
mens were mounted on a motorised sample-stage which
allowed the sample to be aligned and oriented in the
beam under visible light and then raster scanning per-
formed in the horizontal and vertical directions. Two dimen-
sional X-ray scattering patterns were acquired using
a cooled CCD based detector with phosphor conversion
screen and tapered ﬁbre-optic array (MAR research: MAR
165). A series of diffraction patterns was typically obtained
during line scans with spatial increments of 25 mm passing
from the cartilage surface through the calciﬁed cartilage into
the bone. For lesions, area scans were also performed cov-
ering the whole area of the lesion. Calibration of the camera
length of the set-up was performed using a silver behenate
powder standard.
All diffraction patterns were analysed using ﬁt2D v12.063
(http://www.esrf.fr/computing/scientiﬁc/FIT2D/). Different or-
ders of diffraction maxima caused by the characteristic
collagen ﬁbril d-spacing of 650 A˚ found in the diffraction
patterns were identiﬁed at 650 A˚, 325 A˚, 223 A˚, 134 A˚,
96 A˚, 74 A˚, 67 A˚ and 55 A˚. These values were not seen
to vary between the cartilage and the bone (i.e., between
type II and type I collagen) and the values were conﬁrmed
using rat tail type I collagen diffraction maxima standard21.
For each diffraction maxima plots of intensity as a function
of angle, relative to the orientation of the articular surface,
were obtained at each sampling point and normalised to
maximum intensity. Each line of data for different depths
was then put into an array, showing the relative scattering
intensity from collagen ﬁbres of a particular orientation at
each depth. Colour maps were then produced using Origin-
Lab v7.5 (Microcal, USA) in which the colour represents the
ﬁbre density at a speciﬁc orientation and the width reﬂectsthe amount of scatter in the distribution. The density of ran-
domly oriented ﬁbres determines the background colour of
the map. The colour maps were normalised to the largest
intensity. The production of these colour maps is shown
schematically in Fig. 4.
Results
Representative SAXS patterns for normal and calciﬁed
cartilage sagittal sections are shown in Fig. 5. Differences
in the collagen diffraction maxima were not observed in
any of the diffraction patterns in normal or diseased tissue
indicating that the arrangement of the collagen ﬁbrils in
the ﬁbres was not altered either. The azimuthal variations
in the intensity of the scattering are clearly visible in all
the rings.
REGIONAL VARIATIONS IN COLLAGEN ORIENTATION
Figure 6 shows maps acquired from SAXS data of colla-
gen ﬁbre organisation in sagittal slices at the three sites on
the joint indicated in Fig. 2. The data are derived from anal-
ysis of the 223 A˚ ring, the third order collagen diffraction
maxima, which was considered representative for the colla-
gen orientation as it showed most clearly the results (al-
though the other diffraction maxima showed similar
behaviour). The collagen orientation in each of the regions
was qualitatively consistent with the established view that
the ﬁbres are parallel to the surface in the surface region,
crossing over each other in a transitional layer, approxi-
mately 100 mm thick, and in the radial cartilage ﬁbres run-
ning into the calciﬁed cartilage and the bone where the
ﬁbres are orientated perpendicular to the cartilage surface.
An analysis was also made on coronal sections to deter-
mine the consistency in the collagen arrangement and the
orientation was also seen to conform to this view. However,
from the sagittal sections taken, the three regions differ in
the detail of collagen organisation. In the anterior region,
in the radial layer the peak widths of all the distributions
were greater and also more variable than those found in
the thick cartilage region. There was a gradual transition
across the apex to the organisation characteristic of the
thick cartilage. The increase in cartilage depth arose from
an increase in the thickness of the highly oriented tangential
and radial layers, but the thickness of the transitional layer
remained a constant. The collagen of the radial zone was
highly oriented with a very small spread in angle.Scattering pattern in Fit2D
Intensity, I, plotted versus
azimuthal angle, ϕ.
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Fig. 4. A schematic diagram illustrating how the data analysis was performed and how the colour maps shown in Figs. 6 and 7
were produced.
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Fig. 5. SAXS diffraction patterns from (A) normal articular cartilage and (B) calciﬁed cartilage.VARIATIONS IN COLLAGEN ORIENTATION IN THE PROGRES-
SION OF DISEASE
Orientation analyses were conducted along lines normal
to the surface passing through the centre of the lesions
and typically 0.4 mm on either side. Changes in organisation
were apparent even in tissue that appeared macroscopically
normal. The degree of disruption of organisation was
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Fig. 6. Colour maps showing the orientation of a collagen diffraction
maxima (223 A˚) with depth relative to the cartilage surface for (I) the
medium region, (II) apex region and (III) thick region of a sample
with no visible lesions. The depth, 0 mm, is the tide mark. Articular
cartilage is the region in the negative direction and in the positive
direction moving into the calciﬁed cartilage towards the bone. The
cartilage regions are shown with the tangential region marked as
T, the transitional region by Tr, the radial region by R, the calciﬁed
cartilage by C and the subchondral bone by B.generally greatest in the most advanced lesions, as judged
from the lateral extent of the defect and the magnitude of
the damage at the centre.
The representative SAXS data in Fig. 7 show that at the
edge of the lesion, where the progression of disease was
the least, the degree of orientation is still quite high as
shown in image I. Further towards the centre of the lesion,
where the cartilage surface was more severely affected by
the osteoarthritis, the transitional layer thickens, reaching
250 mm thick in image III. This appears to arise from
a loss of organisation at the top of the radial layer. In this
layer there is also re-alignment of the ﬁbres towards the
posterior aspect. This re-orientation of the ﬁbres extends
through the calciﬁed cartilage and into the bone. Image IV
is taken from a region of the lesion where the osteoarthritis
is most progressed and where the cartilage has thinned sig-
niﬁcantly. In addition, there is a large change in the collagen
orientation in the calciﬁed cartilage and extending into the
subchondral bone, the ﬁbres appearing to twist towards
the posterior aspect of the joint.
Discussion
In this study SAXS diffraction patterns have been ana-
lysed to determine collagen ﬁbre organisation. Previous
analyses have been based largely on electron microscopy,
with which it is difﬁcult to survey large areas of tissue and
which requires extensive tissue processing and polarised
light microscopy, for which quantiﬁcation is difﬁcult. In re-
cent papers, DEI19 and SAXS11 have been used to deter-
mine the organisation of collagen in human articular
cartilage. We have veriﬁed these ﬁndings illustrating the
parallel ﬁbres in the tangential region, a region where the ﬁ-
bres cross over each other in the transitional region and ver-
tical structural orientation in the radial region of the articular
cartilage. We have also shown regional variations in the col-
lagen structure of a joint which receives different regional
loading thus signifying the importance of the collagen orien-
tation to the properties of the cartilage to act as a shock
absorber and load bearer.
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lagen, we were also able to observe quite local modulations
in the equine metacarpophalangeal joint. Importantly, these
variations appear to correlate with variations in the cartilage
loading. Loading is lowest in the anterior region and it is
here that the radial organisation in the deep and calciﬁed
cartilage is least marked and most variable. Compressive
loading is high at the apex and there is strong collagen
alignment in the deeper tissue in this region. However, per-
haps the most interesting region is the thickened cartilage
immediately behind the apex. The thickening arises from
expansion of the two highly orientated layers and the radial
organisation of the radial region is the most uniform and
found to extend into the subchondral bone. This region is
exposed to compressive loads and also shearing forces as-
sociated with joint articulation. Because of the mismatch in
radius of curvature on either side and the presence of the
thick cartilage over the posterior surface, local stresses
are likely to be high and variable. It appears that the highly
ordered layers may have an important role in supporting
these loads and perhaps the structure plays a prominent
role in the progression of disease.
In the lesions there was a loss of collagen organisation
which increased with the progression of disease. As re-
ported by Mollenhauer et al.19 for human lesions the ﬁbres
in the deeper radial region appear to bend. We have veriﬁed
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Fig. 7. Colour maps showing the orientation of a collagen diffracted
intensity maximum (223 A˚) with depth relative to the cartilage sur-
face for samples IeIV with increasing progression of an osteoar-
thritic lesion. The depth, 0 mm, is the tide mark. Articular cartilage
is the region in the negative direction and in the positive direction
moving into the calciﬁed cartilage towards the bone. The cartilage
regions are shown with the tangential region marked as T, the tran-
sitional region by Tr, the radial region by R, the calciﬁed cartilage by
C and the subchondral bone by B. It should be noted that the thick-
ness of the articular cartilage varies across the lesion due to varia-
tions in cartilage thickness across the lesion. In image IV where the
sample is damaged, the tangential and transitional regions are not
marked as they are not well deﬁned.this by showing that the collagen orientation in osteoarthritic
lesions shows a re-orientation of collagen ﬁbres in the deep
radial layer. It has also been reported that the transitional
region becomes thicker with osteoarthritis and the collagen
orientation was seen to severely alter throughout the carti-
lage zones11 which again has been conﬁrmed in this study.
Major concerns in osteoarthritis research are the temporal
and functional relationships between changes in the super-
ﬁcial cartilage and the deep cartilage and bone. Both in the
early lesions and in the more established ones we found
changes in the deep tissue whilst the overlying cartilage ap-
peared normal. We therefore suggest that the interface re-
gion is a key element in the early stages of the disease.
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